Electrospinning of gamma cyclodextrin (g-CD) nanofibers from a DMSO-water solvent system was achieved without using a carrier polymeric matrix. The effects of viscosity and rheological properties on the electrospinnability of g-CD solutions were examined. XRD and HR-TEM studies confirmed that the electrospun g-CD nanofibers were amorphous without showing any particular crystalline packing.
Introduction
Cyclodextrins (CDs) are cyclic oligosaccharides which are formed naturally as a result of enzymatic degradation of starch. There are three main types of CD; a-CD, b-CD and g-CD which are known as native CDs. These native CD are classied according to number of their glucopyranose units and a-CD, b-CD, g-CD have six, seven, eight subunits in their molecular structure, respectively.
1,2 CDs have a toroid-shaped molecular structure with a hydrophobic cavity that can host variety of molecules by forming non-covalent host-guest inclusion complexes (IC) (Fig. 1a) . [1] [2] [3] This intriguing property makes CD molecules quite applicable in various eld such as ltration/ separation/purication systems, pharmaceuticals, functional foods, cosmetics, home/personal care and textiles, etc.
1,2,4-7
CDs are generally used in the form of powder or cross-linked polymeric granules, however, this situation can be a restriction during the use of these molecules.
1,2,4,5 In our pioneer previous studies, we represented a handy solution to this challenge by producing polymer-free nanobers from CD molecules by using electrospinning method. [8] [9] [10] We obtained CD nanobers from three different chemically modied cyclodextrins (hydroxypropylbeta-cyclodextrin (HPbCD), hydroxypropyl-gamma-cyclodextrin (HPgCD) and methyl-beta-cyclodextrin (MbCD)) 8, 9 and native CD of a-CD and b-CD. 10 We have also obtained multifunctional CD nanobers from their inclusion complex of antibacterial agent (triclosan) 11 and UV-responsive dye (azobenzene). 12 We have also achieved green and one-step synthesis of gold nanoparticles incorporated into electrospun CD nanobers in which CD was used as reducing and stabilizing agent as well as ber template.
13
Following our studies, few other studies were reported on the electrospinning of modied CD (HPbCD) 14, 15 and native CD (b-CD) nanobers.
16
Among other nanober fabrication technique, electrospinning has received great attention due to its simplicity, versatility and cost-effectiveness. 17, 18 Electrospun nanobers represent extremely high surface area, nano-porous features, very light weight, design exibility for specic physical and chemical functionalization. 17, 18 All these attractive properties make electrospun nanobers favourable candidate for numerous applications such as membranes/lters, biotechnology, textiles, sensors, energy, electronics, environment, etc. Generally speaking, electrospinning has a focus on the use of high molecular weight polymers and high solution concentrations to ensure the entanglements and overlapping between the polymer chains that have crucial importance for producing beadfree and uniform nanobers. 21, 22 So, the electrospinning of nonpolymeric systems is much more challenging than the polymeric systems. Yet, few studies have been reported recently on electrospinning of bers from low molecular weight molecules such as phospholipids, 23 diphenylalanine, 24 gemini surfactant, 25 heteroditopic monomer, 26 and cyclodextrins. [8] [9] [10] [11] [12] [13] [14] [15] [16] The electrospinning of nanobers from non-polymeric supramolecular systems is rather new and attractive and therefore, designing and constructing of advanced nanobrous materials require further investigation and studies. Especially, CDs are one of the most studied supramolecular systems and therefore the electrospinning of these molecules would be quite attractive due to their non-covalent host-guest inclusion complexation capability.
CD molecules can self-assembly and form substantial aggregates in their concentrated solutions via intermolecular hydrogen bonding. 27, 28 The existence of the considerable aggregates makes it possible for the electrospinning of CD nanobers from their highly concentrated solutions. Hence, we successfully achieved the electrospinning of nanobers from chemically modied CDs (HPbCD, HPgCD, MbCD) which have high solubility for the preparation of highly concentrated electrospinning solutions. 8, 9 In a later study, we were also successful for electrospinning of polymer-free nanobers from two native CD; a-CD and b-CD.
10 Native CDs (a-CD, b-CD and g-CD) have limited solubility because of intramolecular hydrogen bonding within the CD molecule which limits the formation of hydrogen bonds with surrounding water molecules. 27, 29 So the electrospinning of native CD is much more challenging than the chemically modied CD. Yet, we were able to obtain highly concentrated homogeneous solutions of a-CD and b-CD by using 10% (w/v) NaOH aqueous solvent system and we have electrospun nanobers from a-CD and b-CD. Unfortunately, this solvent system was not suitable for g-CD since the required level of concentration could not be reached due to the precipitation of g-CD. Electrospinning of b-CD nanobers from ionic liquid system was also reported very recently by Ahn et al. 16 However, to the best of our knowledge, electrospinning of g-CD nanobers and their practical applications as a ltering material for the removal of volatile organic compounds has not been reported yet.
In this study, we found out that dimethyl sulfoxide (DMSO)-water (50/50 ratio, v/v) solvent mixture was a proper solvent system for the preparation of the highly concentrated solution of g-CD. Then, electrospinning of g-CD nanobers was successfully achieved. The rheological properties of the g-CD solution, morphological and structural characterizations of g-CD nanobers were performed. Moreover, we carried out the BET analyses to investigate and compare the surface areas of g-CD powder and g-CD nanobers. As a preliminary study, we have also studied the molecular entrapment capability of g-CD nanobers by capturing the toxic volatile organic molecules (e.g. aniline and toluene) from the surrounding and compared with its powder form.
Results and discussion

Electrospinning of g-CD nanobers
The electrospinning solutions were obtained by dissolving g-CD in DMSO-water (50/50 ratio, v/v) solvent mixture at the concentration range of 120% (w/v) up to 140% (w/v). Fig. 1b displays the schematic view of the electrospinning of g-CD nanobers. Fig. 2a-c show the representative SEM images of the electrospinning results which were obtained from different concentrations of g-CD (120-140% (w/v)). The ber diameter distribution of electrospun nanobers produced from 140% (w/v) g-CD concentration was given in Fig. 2d . In addition, the TEM and high resolution (HR-TEM) images of g-CD nanober were depicted in Fig. 2e and f. Table 1 summarizes the characteristics of the g-CD solutions for different concentrations, the morphology and the average ber diameters of the electrospun g-CD nanobers.
In our previous studies, we achieved the electrospinning of nanobers from chemically modied CDs (HPbCD, HPgCD and MbCD) and native CDs (a-CD and b-CD). 8, 9 We observed that the electrospinning of CD was very similar to polymeric systems. The solvent type, solution concentration and viscosity and, solution conductivity were the key factors for the electrospinning of CD nanobers and all these should be at the optimum level for obtaining uniform and bead-free ber morphology. For 120% (w/v) g-CD solution, highly beaded structure along with very few nanober structures was obtained (Fig. 2a) . When the concentration was increased to 130% (w/v), the nanobers having few beads were observed (Fig. 2b) . Finally, the beads were eliminated for 140% (w/v) concentration and uniform nanobers having average ber diameter (AFD) of 1155 AE 515 nm in the range 200-2900 nm were produced ( Fig. 2c and d) . For lower g-CD concentration, the bead structures were observed because of the low viscosity and inadequate amount of g-CD aggregates that leaded to the destabilization of electrospinning jet during the process. However, as the concentration was increased to 140% (w/v), the bead-free nanobers were obtained owing to sufficient level of solution viscosity and CD aggregates that provided full stretching of jet and uniform ber formation. As it is known, low concentrated polymer solution also causes beaded ber structure because of the poor polymer chain entanglements/overlapping and higher polymer concentrations are required for uniform ber formation. 17, 18, 30 So, the electrospinning of g-CD nanobers showed similarities with polymeric systems. Here, urea was also added to the optimized concentration of g-CD (140%, (w/v)) solution and only splashes were observed instead of ber formation (Fig. S1 †) . Because urea can interrupts the hydrogen bonds between CD molecules 31, 32 and reduces the intermolecular interactions that ensure the self-association, aggregation and therefore disrupt the ber formation during the electrospinning.
The shear rate sweep viscosity and frequency sweep oscillation test were performed to investigate the rheological properties of g-CD solutions. Fig. 3 displays the viscosity graphs of g-CD solutions for different concentrations as a function of shear rate. The viscosities of g-CD solutions did not change signicantly for the same concentration against the increasing shear rate showing the Newtonian uid characteristic of CD systems. On the other hand, there is distinctive increase at viscosity values of g-CD solutions with the increasing concentrations owing to higher amount of CD aggregates. The viscosity of g-CD solution at 120% (w/v) increased from 0.55 Pa s to 1.15 Pa s for 140% (w/v) and it decreased to 0.52 Pa s by adding 20% (w/w) urea (with respect to CD) to the highest concentration (140%, w/v) ( Table 1 ). This originated from the destruction of CD aggregates by urea which leaded to splashes only during electrospinning process. The frequency sweep oscillation measurements were also studied to determine the viscoelastic properties of the g-CD solutions. Fig. 4 displays the storage and loss modulus of g-CD solutions as a function of frequency. The results show that, the storage modulus of all concentrations is higher than their loss modulus values independent from the frequency range. This situation proved that the highly concentrated g-CD solutions act as a viscoelastic solid. 33 For the same g-CD concentrations, both storage and loss modulus were stable under the applied frequency range, however, the higher storage and loss modulus values were observed for 140% (w/v) g-CD solution compared to lower concentrations. The absence of cross-over point between storage and loss modulus also indicates that, g-CD solutions show mainly solid-like behavior for all concentrations. The addition of urea in g-CD solution also affected the oscillation test results and we observed signicant decrease at the modulus values depending on the depression of solid density (Fig. 4d) . As a result of urea addition, it was proved that, the presence of considerable amount of g-CD aggregates via hydrogen bonding have an important role for the electrospinning of uniform nanobers from g-CD solutions.
Structural characterization of g-CD nanobers
The native CD (a-CD, b-CD and g-CD) have crystalline structures known as cage or channel type. 34 For instance, in cage-type packing each CD molecules are blocked by neighboring molecules. In the case of channel-type packing, the CD molecules are aligned and stacked on top of each other forming long cylindrical channels. The inclusion complexation with guest molecules commonly results in channel-type crystalline structure.
34
In this study, the structural characterization of g-CD nanobers was carried out by XRD. For comparison, the XRD measurement of g-CD powder was also recorded. Fig. 5 shows the XRD graphs of both g-CD nanobers web and powder. While, as-received powder form of g-CD has cage-type crystalline structure, the electrospun g-CD nanobers have halo pattern indicating the absence of denite crystal packing. Similarly, electrospun a-CD and b-CD nanobers obtained from NaOH aqueous solvent system 10 and b-CD nanobers obtained from ionic liquid system 16 did not show any crystal packing either. The HR-TEM conrmed the distribution of CD molecules through the ber structure without any particular crystalline aggregation (Fig. 2f) . We can say that, the amorphous structure of g-CD nanobers can be originated from the rapid evaporation of solvent during the electrospinning that cause very fast and continuous stretching of jet, so g-CD molecules were not able to form crystalline packing. In addition, even we performed XRD measurement 1 year later, the crystalline packing was not observed, g-CD nanobers kept its amorphous structure.
Furthermore, BET analysis was performed to investigate the surface area of g-CD powder and g-CD nanobers, comparatively. The multipoint BET surface area for g-CD powder was calculated as 1.46 m 2 g À1 which correlates with the literature report. 35, 36 On the other hand, the surface area of g-CD nanobers was determined as 4.38 m 2 g À1 and this
proved the increase of surface area as a result of electrospinning process. So, electrospinning of g-CD nanobers can be considered as an advantage for obtaining high surface area which can benet the ltration application of these supramolecular structures.
Entrapment of organic vapors by g-CD nanobrous web
CD can form non-covalent host-guest inclusion complexes with variety of organic molecules and it has been shown that CD can be quite effective for the removal of hazardous organic molecules by inclusion complexation. 5 In our very recent studies, we have also shown that electrospun polymeric nanobers functionalized with CD can be potentially used as molecular lters for the removal of organic molecules from the solution [37] [38] [39] or vapor phase 40 due to the very high surface area of the nanobers which signicantly enhances the complexation efficiency of CD present on the ber surface. In the present study, the molecular ltration capability of electrospun g-CD nanobrous web was tested by the entrapment of organic waste vapors (aniline and toluene) from the surrounding by inclusion complexation. Here, g-CD nanobrous web was placed in a desiccator saturated with aniline or toluene vapour. For a comparison study, the as-received g-CD powder was also placed in the same environment. The analyses of g-CD nanobrous web aer exposure to organic vapors were performed by 1 H-NMR (Fig. S2 †) . We observed that g-CD nanobers were quite effective for entrapping aniline and toluene; on the contrary, the g-CD powder form could not entrap these molecules from the surrounding. The as-received g-CD powder was in cage-type packing in which each CD molecules are blocked by neighboring molecules and therefore CD cavity could not be available for the complexation with aniline and toluene. However, in the case of g-CD nanobers, CD molecules were in amorphous phase without forming any particular crystalline packing structure. Therefore, it is likely that the cavity of g-CD was accessible for aniline and toluene molecules for the complexation. Moreover, g-CD nanobrous web has higher surface area compared to g-CD powder as proven by BET analysis. With the higher surface area of g-CD nanobrous web, the contact points of CD molecules are higher and they become more available to entrap vapors of organic molecules from the environment. From NMR study, the molar ratio of g-CD to aniline and toluene was calculated about 1 : 1 and 1 : 0.7, respectively (Fig. S2 †) . This suggest that the entrapping efficiency of g-CD nanober match for the aniline was better than the toluene which may be due to the better size match between g-CD cavity and guest molecule. 41 As mention earlier, generally g-CD adopt channel-type packing when crystallize from its solution of inclusion complex with guest molecules. 34, 41 Aer the entrapment experiment, we analyzed g-CD nanobers by XRD and it was observed that g-CD nanobers still kept their amorphous nature even aer the inclusion of aniline and toluene. In brief, our preliminary ndings suggest that these electrospun CD nanobers can be very promising candidates for functional ltering nanomaterials and can be used as molecular lters and/or nanolters for the removal of organic volatile compounds (VOCs) from the environment.
Conclusions
Here, the electrospinning of g-CD nanobers were successfully achieved from DMSO-water (50/50, v/v) solvent system without using any carrier polymeric matrix. The electrospinnability of g-CD by itself was due to the existence of g-CD aggregates via hydrogen bonding and very high solution viscosity and viscoelastic solid-like behavior of g-CD solution in DMSO-water system. The as-received g-CD powder is a crystalline material; however, the electrospun g-CD nanobers resulted in amorphous material as conrmed by XRD and HR-TEM studies. BET analysis showed that, the surface area of g-CD nanobrous web was three times higher than g-CD powder form. As a preliminary study, electrospun g-CD nanobers were tested for the entrapment of the VOCs (aniline and toluene) from the surrounding. It was found that g-CD nanobers were quite successful for entrapping aniline and toluene by inclusion complexation whereas g-CD in powder form did not show any entrapment capability. This suggest that electrospun CD nanobers can be very promising candidates as ltering material for the removal of organic waste vapors from the environment due to their very high surface area along with their inclusion complexation capability.
